We have isolated cDNAs encoding a murine cyclin A, designated cyclinA2, and have examined its in vivo expression at the level of both mRNA and protein, with particular focus on the male germ line. Cyclin A2 is expressed in embryos and in a variety of adult tissues, including the testis. In the testis, however, a striking cellular specificity of expression was observed. At both the DNA and protein levels, the predominant sites of cyclin A2 expression were in the germ line stem cells, the spermatogonia, and in highest levels in preleptotene spermatocytes, cells in which premeiotic DNA synthesis occurs. The concurrent localization of cyclin A2 mRNA and protein further suggested that cyclin A2 is regulated at the level of transcription in these cells. The observed cellular specificity of cyclin A2 expression is consistent with its function during mitosis in the stem cell stage of this lineage, while the restricted meiotic stage localization suggests function in G1/S or S but not in the meiotic divisions per se. ᭧
INTRODUCTION
tein kinase complex that consists of a regulatory subunit, cyclin, and a catalytic subunit, homologs of the S. pombe The mitotic and meiotic divisions of mammalian germ cdc2 protein kinase p34 cdc2 (Cdc2) (Forsburg and Nurse, cells are particularly amenable for study during spermato-1991; Norbury and Nurse, 1992; Jacobs, 1992) . As the kinase genesis. In the female germ line, many of these events take is reliant upon cyclin for its activity, this family of conplace in the embryo and meiosis is interrupted until after served proteins is collectively known as cyclin-dependent puberty. In contrast, in the male germ line, mitotic proliferkinases (cdk) (Pines, 1991) . ation of spermatogonia, the initiation of the meiotic cell At least eight different classes of vertebrate cyclins have cycle, the meiotic divisions, and the production of haploid been identified to date, designated cyclins A through H spermatozoa take place, continuously and uninterrupted, in Sherr, 1993; Fisher and Morgan, 1994) . The Athe adult testis. Analysis of germ cell development in the type cyclins were originally thought to function at mitosis, male is therefore an excellent system to study both mitotic similar to the B-type cyclins (Norbury and Nurse, 1992 ; and meiotic cell cycles in vivo as well as the mechanisms Lewin, 1990) . However, cyclin A is synthesized and dethat control regulatory checkpoints that are distinct bestroyed earlier in the cell cycle than cyclin B (Kobayashi et tween the male and female germ line. al., 1991; Hunt et al., 1992) and cyclin A accumulates in the Identification of many of the gene products involved in nucleus immediately after its synthesis (Pines and Hunter, controlling mitotic and meiotic cell cycles of several model Girard et al., 1991; Pagano et al., 1992) . While cyclin organisms has greatly facilitated our understanding of cell B appears to associate only with Cdc2, cyclin A associates cycle regulation. Key among these is a serine/threonine prowith both Cdc2 and the Cdc2-related kinase, Cdk2 (Kobayashi et al., 1992; Rosenblatt et al., 1992; Elledge et al., 1992) . Studies on the activity (Pines and Hunter, 1991; Girard et and Hunter, 1991; Cardoso et al., 1993 ; Sobczak-Thepot et tion were immediately fixed in 4% paraformaldehyde in 1 1 PBS overnight at 4ЊC. Tissues used for immunohistoal., 1993) of cyclin A in tissue culture cell systems support the hypothesis that cyclin A acts during S-phase. Cyclin A chemical localization were taken from animals perfused with PBS and 4% paraformaldehyde and then fixed overis also present in complexes in association with proteins other than Cdks, including the E2F transcription factor (Munight. Enriched populations of separated germ cells (pachytene, round spermatid, cytoplasmic fragments, and residual dryj et Lees et al., 1992) , the retinoblastoma protein Rb (Bandara et al., 1991; Shirodkar et al., 1992) , and body fractions) were obtained from cell suspensions prepared from dissassociated testes of Swiss Webster mice by the adenovirus oncoprotein E1A (Pines and Hunter, 1990; Giordano et al., 1991) .
unit gravity sedimentation on a 2 -4% BSA gradient (Wolgemuth et al., 1985) . Studies of cyclins A and B during development in Drosophila have provided some of the first evidence for differential roles of these genes in vivo. Cyclin A and cyclin B are Probes and Reagents coexpressed in most cells in the early Drosophila embryo. However, cells which are deficient in cyclin A, but still
The DNA probes used in this study were labeled with [ 32 P]dCTP (DuPont, Wilmington, DE) using the Multiprime express cyclin B, cannot enter mitosis (Lehner and O'Farrell, 1990) . In addition, cell division defects were observed in DNA labeling kit (Amersham, Arlington Heights, IL) to a specific activity of 10 9 cpm/mg. The human cyclin A cDNA nervous system progenitor cells in Drosophila embryos mutant for cyclin A (Ueda et al., 1992) . Cyclin A has been was a generous gift of J. Pines and T. Hunter (Pines and Hunter, 1990) . Probes representing the 5 end of the murine reported to be expressed in meiotically arrested oocytes of several species, including fish (Katsu et al., 1995) 
and frogs
CycA2 cDNA were generated from p4-2 0.4, a subclone carrying the 0.4-kb PstI insert (see Fig. 1B ). Probes represent- (Howe et al., 1995) , but little is known about cyclin A function in the mammalian germ line, particularly during spering the 3 untranslated region were generated from p4-2 0.7, a subclone bearing a 0.7-kb XhoI -EcoRV insert of p4-matogenesis.
Until very recently, only a single vertebrate cyclin A-type 2 (nucleotides 2063-2790; see Fig. 1B ). Sense and antisense RNA probes for Northern and in situ hybridizations were gene had been identified. During the preparation of this manuscript, it was reported that at least two distinct cyclin transcribed from the T7 and T3 promoters of linearized plasmids using the appropriate RNA polymerase (Promega, A genes are present in Xenopus, which are developmentally regulated and possibly have different functions in the emMadison, WI), following the manufacturer's suggested protocols. Probes used for Northern analysis were labeled with bryo (Howe et al., 1995) . In the present paper we describe the cloning and analysis of expression of a murine cyclin [ 32 P]UTP (DuPont) and probes for in situ hybridization were labeled with [ 35 S]UTP (DuPont) and hydrolyzed to approxi-A gene with greatest identity to the human cyclin A and Xenopus cyclin A2. This cyclin A is distinct from another mately 0.1 kb (Cox et al., 1984) . Antibodies against CycA2 were the generous gift of Dr. recently discovered mouse cyclin A gene (Sweeney et al., 1996) . We demonstrate that this murine cyclin A gene, Mark Carrington (Cambridge University). A rabbit antibody was raised against inclusion bodies isolated from bacteria which we have designated cyclin A2 (CycA2), has distinctive patterns of expression in the testis, consistent with carrying a partial cDNA encoding residues 22 -202 of bovine cyclin A. The antisera were useful for immunoblot analysis functions in both mitotic and meiotic cell cycles of the male germ line. The restricted cellular specificity of CycA2 but not for immunohistochemical localization. A second antibody was raised in rabbits against a bacterially produced expression in meiotic cells further suggests that it functions in G1/S or S but not during the meiotic divisions in male mouse CycA2 (N-terminal polypeptide, residues 5 -171 
MATERIALS AND METHODS
observations). For all procedures, preimmune sera were used as negative controls.
Tissues and Cells
Normal tissues used for RNA and in situ hybridization Library Screening and DNA Sequencing analyses were obtained from Swiss Webster mice (Charles River, Wilmington, DE). Neonatal testes were obtained The Day 10.5 embryo library was prepared using the Lambda ZAP-cDNA Synthesis kit (Stratagene, La Jolla, CA) from mice at 7 and 17 days postnatal and adult tissues were from mice at least 35 days old unless noted. Mice mutant for and was kindly provided by J. Ruiz, Harvard University. Initial library screening was with a 2.2-kb EcoRI insert of the atrichosis locus (ATEB/Le a/a dat/deb) were purchased from the Jackson Labs (Bar Harbor, ME). Tissues dissected human cyclin A and additional screenings were probed with a 0.4-kb PstI insert of clone p4-2 representing nucleotides for RNA isolation or protein solubilization were immediately frozen in liquid N2 . Tissues used for in situ hybridiza-620 -1068 of the CycA2 sequence (see text and Fig. 1 ). A total of 1.5 1 10 6 plaques were screened in duplicate followHCl, pH 6.8, 2% SDS, 10% glycerol, 5% b-mercaptoethanol, 0.002% bromophenol blue), boiled for 5 min, and frozen ing the protocols outlined in Sambrook et al. (1989) as modified by 1993) . Filters were if not used immediately. Standard SDS -PAGE was performed on 5 -12% discontinuous gels and 100 mg of tissue washed at a final stringency of 21 SSC (11 SSC Å 150 mM NaCl, 15 mM sodium citrate) at 50ЊC for 1 hr, air dried, and sample were loaded in each lane. Immunoblotting of electrophoresed proteins was performed according to Towbin exposed to Kodak XAR film (Eastman Kodak, Rochester, NY) with intensifying screens at 070ЊC for 20 hr. Positive et al. (1979) . Nitrocellulose filters were washed for 5 min in 11 TS (10 mM Tris, pH 7.4, 150 mM NaCl) and blocked clones were plaque purified twice and inserts from the tertiary screen were in vivo-excised following Stratagene's profor 2 hr at room temperature (RT) in Blotto (6% nonfat dry milk in 11 TS). Blocked filters were incubated with rabbit tocol. The phagemids contained the cDNA of interest inserted at the EcoRI and XhoI site of pBluescript (SK 0 ). anti-bovine cyclin A2 antiserum at a dilution of 1:1000 in Blotto for 2 hr at RT. Filters were washed three times for Clones isolated as above were sequenced using the double-stranded sequencing protocol in the AmpliTaq Sequenc-10 min in 11 TS and then incubated with 1:2000 diluted horseradish peroxidase-conjugated goat anti-rabbit IgG (Boeing kit (Perkin -Elmer Cetus, Norwalk, CT). Sequences were also obtained using an Applied Biosystems Model hringer-Mannheim, Indianapolis, IN) for 2 hr at RT. Following washing three times for 10 min, the filters were exposed 373A DNA sequencer (Applied Biosystems, Foster City, CA). Sequences were analyzed using the IBI-Pustell Seto ECL Western blotting detection reagents (Amersham Life Sciences, Arlington Heights, IL), following manufacturer's quence Analysis Program for the PC (Pustell, 1988) and the GCG sequence analysis programs for the VAX (Devereux suggested protocols, and exposed to Kodak XAR film (Eastman Kodak, Rochester, NY). et al., 1984) . Analysis of phylogenetic relationships was carried out using the Megalign program within the DNAStar sequence analysis package.
Immunohistochemical Localization RNA Extraction and Northern Blot Hybridization
Paraffin embedded tissues were sectioned at 6 mm and Total RNA was isolated from tissues by the acid -phenolanalyzed by immunohistochemistry using a Vectastain chloroform method of Chomczynski and Sacchi (1987) .
ABC kit (Vector Laboratories, Burlingame, CA). Sections on RNA samples (20 mg/lane) were electrophoresed on denaturslides were deparaffinized in xylene and hydrated through ing 0.8% agarose/2.2 M formaldehyde gels. Uniform loading an alcohol series. Slides were then boiled in 0.01 M citrate of the gels was monitored by visualizing the ribosomal RNA buffer, pH 6.0, in a microwave (Shi et al., 1991) for 10 min bands with ethidium bromide staining. RNA was transand washed extensively with distilled H 2O. The slides were ferred to Nytran (Schleicher & Schuell, Keene, NH) and treated with 0.03% H 2O2 in methanol for 20 min, washed baked for 2 hr under vacuum at 80ЊC. Hybridizations with with 11 PBS with 0.1% Triton X-100 (PBSTr), and blocked 32 P-labeled riboprobes were performed according to Krumfor 1 hr with 2.5% goat serum in PBSTr. Incubation with lauf et al. (1987) . Filters were washed at a final stringency rabbit anti-mouse CycA2 antiserum at a dilution of 1:1000 of 0.21 SSC, 0.1% SDS at 80ЊC for 2 hr and exposed to was carried out overnight at 4ЊC in a humidified chamber. Kodak XAR film with intensifying screens at 070ЊC for The slides were washed three times, 10 min each, with the times indicated in the figure legends. The 28S and 18S PBSTr and processed using the Vectastain ABC kit followribosomal bands were used as standards to determine traning the manufacturers suggestions. DAB-stained slides were script size.
counterstained with hematoxylin and viewed on a Leitz photomicroscope under bright-field optics. Photomicrographs were taken using Fujicolor 100 film.
In Situ Hybridization
Paraformaldehyde-fixed tissues were embedded in paraffin, cut into 6-mm sections and analyzed by in situ hybridization using the procedure described by Jaffe et al. (1990) .
RESULTS
Slides were washed at a final stringency of 0.11 SSC at 65ЊC for 2 hr. Autoradiography was performed for 14 -21 days.
Cloning and Sequencing of Murine CycA2
Developed slides were counterstained with hematoxylin and eosin and viewed on a Leitz photomicroscope under
To initiate studies on the in vivo function of mammalian bright-field and epiluminescence optics. Photomicrographs cyclin A genes, we isolated murine cyclin A homologue(s), were taken using Kodak Ektachrome 64T film.
from a mid-gestation embryonic cDNA library, as our preliminary studies had indicated only low levels of cyclin A
Immunoblot Analysis
transcripts in adult mouse tissues but abundant transcripts in Day 12.5 embryos. Screening of 1.5 1 10 6 plaques, iniTissues or cells used for immunoblotting were homogenized in 11 Laemmli (1970) sample buffer (62.5 mM Tristially using a human probe and subsequently with isolated mouse cyclin A probes, yielded a single class of overlapping in each sample; however, the level of signal decreased in the testis samples as postnatal development progressed (Fig.  cDNAs . The full-length sequence, elucidated by combining the sequences of the various clones, revealed a cDNA of 4A; see also Figs. 3 and 4B) . In addition, the relative abundance of the two transcripts in the testis samples was oppo-2790 bp with an open reading frame of 1269 bp encoding a protein with 423 amino acids (Fig. 1A) and a predicted site from those found in the embryo or other adult tissues. That is, the 1.7-kb transcript was more abundant than the molecular weight of 47.3 kDa. The cDNAs we isolated utilize two canonical polyadenylation signals with the AAT-3.0-kb transcript in testicular RNA. To begin to determine the molecular basis for the differ-AAA motif, but our cDNAs also revealed the use of the TATAAA motif (Fig. 1A) which is utilized only in mRNAs ences in the sizes of the two CycA2 transcripts, RNA from postnatal and adult testes was probed with a 0.7-kb antiexpressed in a germ cell-specific manner (Oyen et al., 1990) .
Comparison of our cDNAs with cyclin sequences present sense RNA probe from p4-2 0.7 (see Fig. 1B ), which corresponds to the 3 end of the full-length cDNA. Only the 3.0-in the GenBank and EMBL data bases revealed that our clone was an A-type cyclin, with 87% identity to the human kb transcript was detected (Fig. 4B) , suggesting that the size difference between the two transcripts is due, at least in cyclin A gene and 63% identity to the recently reported Xenopus cyclin A2 gene. In contrast, our cyclin A sequence part, to the length of the 3 untranslated region. Again, a decreasing abundance of transcripts was observed as postnashows only 48 and 50% identity to murine and Xenopus cyclin A1, respectively. Thus, we have chosen to designate tal testis development proceeded. this murine cyclin A as cyclin A2 (CycA2). The marked difference between the two cyclin A genes is clearly seen
Localization of CycA2 in the Testis by in Situ
in our analysis of the phylogenetic relationships among varHybridization ious cyclin A genes, in which the entire coding sequence was aligned (Fig. 2) .
To determine the cellular distribution of CycA2 transcripts more precisely, in situ hybridization experiments using a 0.4-kb 35 S-labeled sense and antisense RNA from
CycA2 mRNA Expression Is Lineage Specific and
p4-2 0.4 (see Fig. 1B ) and normal and germ cell-deficient
Developmentally Restricted
testes were performed. The somatic cells of the testis are more readily identified in germ cell-deficient testes such as Northern blot hybridization analysis was used to determine the pattern of expression of the murine CycA2 gene those from mice homozygous for the atrichosis (at/at) locus (Hummel, 1964) . As shown in Fig. 5A , little if any hybridizain adult tissues and mid gestation embryos. Total RNA was hybridized with a CycA2-specific antisense RNA probe tion signal is detected over the somatic cells of the at/at mice. Control sections hybridized with sense probes were from p4-2 0.4 (see Fig. 1B ). The probes used in our studies do not cross-hybridize to mouse CycA1 (S. E. Ravnik and negative (not shown). To determine the cellular localization of CycA2 transcripts in normal testes, in situ hybridization D. J. Wolgemuth, unpublished observations). Two transcripts of 1.7 and 3.0 kb were detected in each sample anawas performed on sections of adult testis. CycA2 expression was readily apparent over most tubules, with clusters of lyzed, although the levels varied from tissue to tissue. In adult tissues, transcripts were readily detected in thymus, signal around the periphery of the tubule (Fig. 5B) , consistent with spermatogonial expression. Detailed examination spleen, and ovary, with much lower levels expressed in the intestine and testis (Fig. 3) . In the mid-gestation embryo and staging of the tubules (see Oakberg, 1956; revealed that the signal was most obvious in stages samples, both transcripts were expressed, although the 3.0-kb transcript was more abundant than the 1.7-kb transcript IV to early VIII tubules, in both spermatogonia and in particular, in preleptotene spermatocytes (Figs. 5C and 5D ). (Fig. 3) . The presence of two CycA2 transcripts is notably different from the expression of only a single CycA2 transcript in frog embryos (Howe et al., 1995) .
Immunoblot and Immunohistochemical Analyses
Since spermatogenesis in the mouse offers unique opporof CycA2 Expression tunities to study cells undergoing both mitosis and meiosis, we focused our attention on the expression of CycA2 in the Although the levels of some cyclin proteins in tissue culture cells have been shown to follow that of their mRNAs testis. To begin to elucidate when during spermatogenesis CycA2 functions, we took advantage of the sequential de- (Pines and Hunter, 1990) , we wished to determine precisely the cellular localization of CycA2 protein since many testicvelopment and differentiation of spermatogenic cell populations in the testis at characteristic ages after birth. Total ular transcripts, particularly in germ cells, are regulated at the level of translation (e.g., protamine; Kleene et al., 1984) . RNA was examined from Day 7 p.n. testes (only somatic cells and mitotically dividing spermatogonia are present), Immunoblot analyses of lysates from testicular tissues of developmentally staged and mutant animals were perDay 17 p.n. testes (same cells as Day 7 as well as spermatocytes in pachytene of meiosis I are present), and adult testis formed using anti-bovine CycA2 antisera. Although our Northern blot and in situ hybridization analysis suggested (the full complement of somatic and germ cells are present). Both the 1.7-and 3.0-kb CycA2 transcripts were detected that CycA2 mRNA was not abundant in later stages germ phase and passed through meiosis even though its mRNA was not detected. A protein of Ç50-54 kDa was detected in the Day 7, Day 17, and adult testes in a pattern that concurred with that of the CycA2 mRNA: higher levels of CycA2 protein were detected in Day 7 and Day 17 testes than in adult testis (Fig. 6A ). We were unable to detect any CycA2 protein in lysates from the meiotic and postmeiotic germ cell populations (Fig. 6A) , but did detect CycA2 in thymus and spleen, with lower levels present in the intestine and ovary (data not shown). Corresponding bands were not present in immunoblots incubated with control serum (Fig. 6B) . There was no detectable CycA2 protein in the at/ spermatocytes (tubule stage VII) (Fig. 7C) , cells that are undergoing premeiotic DNA synthesis and initiating the meiotic cell cycle. No staining was detected in sections incubated with preimmune serum (Fig. 7D) . cells, we also analyzed lysates from enriched populations of germ cells that can be isolated by cell separation procedures.
DISCUSSION
Since these populations include cells in meiotic prophase to spermatids, we could determine if CycA2 protein was
We are interested in identifying those cyclins that are expressed during gametogenesis as a means to understand present after the germ cells have entered the meiotic pro- in the G1/S-or S-phase of meiotic cell cycles, since the highest levels of CycA2 mRNA and protein were observed in early preleptotene spermatocytes, the cells undergoing meiotic DNA synthesis. As CycA2 is also clearly expressed in the mitotically dividing spermatogonia, it is likely involved in both mitotic and meiotic cell cycles.
It has been proposed that different cyclin A proteins may specifically function in somatic versus germinal cells (Kobayshi et al., 1992) . This does not appear to be the case for mammalian CycA2, since human CycA2 is expressed in many somatic cell types (Cardoso et al., 1993; SobczakThepot et al., 1993) , and mouse CycA2 is also clearly expressed in male germ cells as well as in other adult tissues and embryos (this study). Our results do not, however, rule out the possibility of other cyclin A genes having more restricted roles in either the soma or germ line.
Cyclins carry out their function of cell cycle control in active partnership with cyclin dependent kinases (Jacobs, (Kobayashi et al., 1992;  contained 20 mg of total RNA from Day 7 p.n. and Day 17 p.n. testes Pines, 1993; Peeper et al., 1993) , although human cyclin A and adult testis. Hybridization was performed with the 32 P-labeled (mouse CycA2) appears to preferentially associate with Cdk2 p4-2 0.4 antisense riboprobe. The lower portion shows the ethidium (Tsai et al., 1991; Desai et al., 1992) . probe (see Fig. 1B ). The lower portion shows the ethidium bromideincluding histone H1 and the retinoblastoma protein, Rb stained 18S RNA. Exposure: 1 week. (Hinds et al., 1992; Peeper et al., 1993; Pan et al., 1993) . Although human cyclin A (mouse CycA2) is present in different kinase complexes that, in addition to cdc2 or cdk2, contain Rb, E1A, E2F, and others (Bandara et al., 1991;  Giordano the in vivo regulation of mammalian mitotic and meiotic et al., 1991; Lees et al., 1992; Zhang et al., 1993) , it is difficult cell cycles. In the present study, we discuss our observations to speculate on the possible roles such complexes would on the isolation and characterization of a murine cyclin A.
play during spermatogenesis since it is not known in which This cyclin A exhibits higher homology to human cyclin A testicular cells these proteins are found. and Xenopus cyclin A2 (Howe et al., 1995) 
than to Xenopus
In summary, we have isolated a mouse cyclin A, CycA2, cyclin A1 and another murine cyclin A gene, which has whose expression in the male germ line is consistent with recently been identified (Sweeney et al., 1996) . Based on roles in mitotic cell cycles and in the initiation of the meiotic these observations and the phylogenetic relationships of cell cycle. Its expression pattern further indicates that it does vertebrate cyclin A's (Fig. 2) , we suggest that CycA1 be used not function in late meiotic prophase or during the meiotic to describe cyclin A homologues of the original Xenopus divisions of the male germ cell. In contrast, our preliminary type and CycA2 be used to describe cyclin A homologues studies on CycA2 in the female gonad and germ line suggest of the human type.
that unlike the testis, CycA2 is expressed in both the somatic Both Xenopus (mouse CycA1) and human cyclin A and germinal compartments of the ovary and is expressed later (mouse CycA2) proteins have been suggested to be involved in meiosis in the female (S. E. Ravnik and D. J. Wolgemuth, in the regulation of mitotic DNA synthesis (Girard et al., unpublished observations). The discovery of multiple cyclins that exhibit distinct expression patterns that differ between 1991; Walker and Maller, 1991) , for both initiation (Girard the male and female germ lineages in the mouse further suget al., 1992) and passage/completion of S-phase (Girard et gests that there are unique roles for the cyclins in the control al., Pagano et al., 1992) . In tissue culture cells, human of mitosis and meiosis in mammalian cells. cyclin A (mouse CycA2) has also been shown to localize not only to the nucleus but to the site of DNA replication ACKNOWLEDGMENTS (Cardoso et al., 1993; Sobczak-Thepot et al., 1993) , providing morphological support for its role during S-phase. Our
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